STM Tip-induced Pd Nanostructuring on Single Crystal Surfaces and Preliminary Investigations of Their Electrochemical and Electric Properties by 邓利松
学校编码：10384                         分类号_______密级 ______ 
学号：20520081151695                                UDC _______ 
 
硕  士  学  位  论  文 
STM 针尖诱导单晶表面上钯纳米构筑及
其电化学和电学性质的初步研究 
STM Tip-induced Pd Nanostructuring on Single Crystal 
Surfaces and Preliminary Investigations of Their 
Electrochemical and Electric Properties  
邓 利 松 
指导教师姓名： 毛 秉 伟 教  授
专 业 名 称： 物  理  化  学
论文提交日期： 2 0 1 1 年 6 月
论文答辩日期： 2 0 1 1 年 6 月
学位授予日期： 2 0 1 1 年    月
 
答辩委员会主席：           
评    阅    人：           
 













STM Tip-induced Pd Nanostructuring on Single Crystal 
Surfaces and Preliminary Investigations of Their 
Electrochemical and Electric Propertie 
 
 

































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的





























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 














摘 要 ............................................................................................................................................. I 
Abstract.................................................................................................................................... III 
 
第一章 绪论 ............................................................................................................................ 1 
§ 1.1 纳米科学概述........................................................................................................... 1 
§ 1.1.1 纳米科学的基本概念 .................................................................................. 1 
§ 1.1.2 纳米材料、纳米结构的基本理论与特殊效应 .................................... 1 
§ 1.2 单晶电极表面上基于 SPM 技术的纳米构筑方法概述 ............................... 4 
§ 1.2.1 真空条件下的原子和分子操纵................................................................. 4 
§ 1.2.2 大气下“新月形”水层针尖诱导局部刻蚀 ......................................... 5 
§ 1.2.3 电化学溶液下的表面纳米结构加工....................................................... 5 
§ 1.3 表面纳米结构的性质研究及现状 .................................................................... 12 
§ 1.3.1 构筑团簇的电化学稳定性研究.............................................................. 12 
§ 1.3.2 构筑团簇上的电化学过程研究.............................................................. 13 
§ 1.3.3 STM 针尖“jump-to-contact”方法构建异质结 ................................ 15 
§ 1.4 本论文的目标与设想 ........................................................................................... 15 
参考文献 ............................................................................................................................. 16 
 
第二章 实验 .......................................................................................................................... 22 
§ 2.1 实验试剂与气体 ..................................................................................................... 22 
§ 2.1.1 实验试剂....................................................................................................... 22 
§ 2.1.2 气体................................................................................................................ 22 
§ 2.1.3 电极材料....................................................................................................... 23 
§ 2.2 实验仪器 .................................................................................................................. 23 
§ 2.2.1 电化学扫描隧道显微镜（EC-STM）.................................................. 23 
§ 2.2.2 原子力显微镜（AFM）........................................................................... 27 














§ 2.3 实验方法 .................................................................................................................. 30 
§ 2.3.1 电化学扫描隧道显微镜（EC-STM）实验 ........................................ 30 
§ 2.3.2 单晶电化学实验 ......................................................................................... 33 
参考文献 ............................................................................................................................. 34 
 
第三章 Pd 在 Au(111)上的电沉积与构筑研究................................................ 36 
§ 3.1 单晶表面 Pd 纳米团簇点阵构筑的意义 ........................................................ 36 
§ 3.2 Pd 在 Au (111)表面的电沉积 ............................................................................. 36 
§ 3.2.1 Pd 电沉积的循环伏安研究 ...................................................................... 37 
§ 3.2.2 Pd 电沉积的 STM 研究 ............................................................................. 38 
§ 3.3 Pd 在 Au (111)表面的构筑 .................................................................................. 39 
§ 3.3.1 Pd 在 Au(111)单晶面的构筑 .................................................................... 39 
§ 3.3.2 Pd 纳米团簇大小与 Z 方向脉冲的关系 ............................................... 41 
§ 3.3.3 Pd 纳米团簇稳定性 .................................................................................... 43 
§ 3.3.4 Pd 纳米团簇对 Pd 沉积行为的影响 ...................................................... 45 
§3.4 在石墨烯修饰的 Au(111)基底上进行纳米构筑的设想和尝试................. 48 
§ 3.4.1 石墨烯用于修饰 Au(111)基底的设想 .................................................. 48 
§ 3.4.2 氧化石墨烯的合成与 AFM 表征........................................................... 49 
§ 3.5 本章小结 ................................................................................................................... 51 
参考文献 ............................................................................................................................. 51 
 
第四章 Pd 纳米团簇点阵的电化学性质研究................................................... 54 
§ 4.1 “一滴溶液法”简介及研究单晶表面纳米团簇电化学性质研究的意义
............................................................................................................................................... 54 
§ 4.1.1 单晶表面纳米构筑团簇电化学性质的研究意义 .............................. 54 
§ 4.1.2 “一滴溶液法”简介 ................................................................................ 55 
§ 4.1.3“一滴溶液法”用于单晶表面纳米团簇电化学研究的方法介绍 56 
§ 4.2 Pd 纳米团簇阵列的电化学性质表征 ............................................................... 57 














§ 4.2.2 Pd 纳米团簇对 HCOOH 的电催化......................................................... 60 
§ 4.3 双通道毛细管用于改进“一滴溶液法” ........................................................... 64 
§ 4.3.1 双通道毛细管用于单晶球小面电化学研究装置改进..................... 64 
§ 4.3.2 Au 单晶球(111)小面在 H2SO4 溶液中的循环伏安表征 ................... 66 
§ 4.4 本章小结 .................................................................................................................. 68 
参考文献 ............................................................................................................................. 68 
 
第五章 电化学 STM-BJ 方法研究 Pd 量子电导 ........................................... 72 
§ 5.1 Pd 量子电导的研究现状...................................................................................... 72 
§ 5.2 偏压对 Pd 量子电导测量的影响...................................................................... 73 
§ 5.2.1 偏压对 Pd 电导统计峰的影响................................................................ 74 
§ 5.2.2 偏压对 Pd 原子线形成概率及其电导曲线台阶长度的影响 ......... 75 
§ 5.3 沉积速度对 Pd 量子电导测量的影响............................................................. 79 
§ 5.3.1 固定基底电位下针尖电位对 Pd 电导测量的影响 ............................ 79 
§ 5.3.2 固定偏压下电极电位对 Pd 电导测量的影响 .................................... 81 
§ 5.3.3 溶液浓度对 Pd 电导测量的影响 ........................................................... 83 
§ 5.4 优化后的 Pd 量子电导分析 ............................................................................... 84 
§ 5.5 本章小结 .................................................................................................................. 86 
参考文献 ............................................................................................................................. 87 
 
作者攻读硕士学位期间发表的论文........................................................................ 90 
















Abstract in Chinese.............................................................................................................. I 
Abstract in English.............................................................................................................III 
 
Chapter 1 Introduction......................................................................................................1 
§ 1.1 Overview of Nanoscience....................................................................................... 1 
§ 1.1.1 Basic Conceptions of Nanoscience............................................................. 1 
§ 1.1.2 Basic Theories and Special Properties of Nanomaterials and 
Nanostructures .............................................................................................................. 1 
§ 1.2 SPM Based Nanostructuring on Single Crystal Surface ............................. 4 
§ 1.2.1 Manipulation of Matter at Atomic and Molecular Levels by STM at 
High Vacuum ................................................................................................................ 4 
§ 1.2.2 STM Tip Induced Localized Etch Through Meniscus Water Between 
STM Tip and Sample at Atmosphere ....................................................................... 5 
§ 1.2.3 Nanostructure Formation at the Solid Liquid Interface.......................... 5 
§ 1.3 The Present Status of Characterization of Nanostructures on Single 
Crystal Surface ................................................................................................................. 12 
§ 1.3.1 Characterization of Electrochemical Stability of Nanostructured  
Clusters......................................................................................................................... 12 
§ 1.3.2 Characterization of Electrochemical Properties of Nanostructured  
Clusters......................................................................................................................... 13 
§ 1.3.3 Metallic Heterocontacts Constructed by STM-BJ Based  
Jump-to-contact Mechanism.................................................................................... 15 
§ 1.4 Objectives of This Thesis..................................................................................... 15 
References .......................................................................................................................... 16 
 
Chapter 2 Experimental ................................................................................................ 22 














§ 2.1.1 Reagents ......................................................................................................... 22 
§ 2.1.2 Gases ............................................................................................................... 22 
§ 2.1.3 Electrode Materials ...................................................................................... 23 
§ 2.2 Instruments.............................................................................................................. 23 
§ 2.2.1 Electrochemical Scanning Tunneling Microscopy（EC-STM） ...... 23 
§ 2.2.2 Atomic Force Microscopy（AFM） ....................................................... 27 
§ 2.2.3 Other Instruments......................................................................................... 28 
§ 2.3 Experiments ............................................................................................................ 30 
§ 2.3.1 EC-STM Experiments ................................................................................. 30 
§ 2.3.2 Electrochemical Experiments .................................................................... 33 
References .......................................................................................................................... 34 
 
Chapter 3 Electrodeposition and Nanoconstruction Study of Pd on 
Au(111) Surface ................................................................................................................. 36 
§ 3.1 The Significance of Pd Nanoclusters Constructed on Single Crystal 
Surface................................................................................................................................. 36 
§ 3.2 Electrodeposition of Pd on Au(111) Surface .................................................. 36 
§ 3.2.1 The CV Characterization ............................................................................ 37 
§ 3.2.2 In-situ STM Study........................................................................................ 38 
§ 3.3 Pd Nanostructuring on Au (111) Surface ....................................................... 39 
§ 3.3.1 Pd Nanostructuring on Au(111) Surface.................................................. 39 
§ 3.3.2 Relationship between the Size of Pd Nanoclusters and Z-pulse......... 41 
§ 3.3.3 The Stability of Pd Nanoclusters............................................................... 43 
§ 3.3.4 The Influence of Pd Nanoclusters for its Electrodeposition................ 45 
§ 3.4 Conception and Attempter of Nanostructuring on Graphene Modified 
Au(111) Surface ................................................................................................................ 48 
§ 3.4.1 Conception of Modified Au(111) Substrate with Graphene................ 48 
§ 3.4.2 Synthesis and AFM Characterization of Graphene Oxide................... 49 














References .......................................................................................................................... 51 
 
Chapter 4 The Electrochemical Properties Study of Pd Nanocluster 
Arrays on Au(111) Surface ......................................................................................... 54 
§ 4.1 Brief Introduction of “One Droplet” Method and the Significance of 
Electrochemical Study of Nanoclusters Constructed on Single Crystal 
Surface................................................................................................................................. 54 
§ 4.1.1 The Significance of Electrochemical Study of Nanoclusters 
Constructed on Single Crystal Surface.................................................................. 54 
§ 4.1.2 Brief Introduction of “One Droplet” Method......................................... 55 
§ 4.1.3 Introduction of Electrochemical Study of Nanoclusters Constructed 
on Single Crystal Surface with “One Droplet” Method..................................... 56 
§ 4.2 Characterization of Electrochemical Properties of Pd Nanocluster 
Arrays .................................................................................................................................. 57 
§ 4.2.1 Electrochemical Characterization Pd Nanoclusters in H2SO4 Solution
........................................................................................................................................ 57 
§ 4.2.2 Electro-catalytic Property of Pd Nanoclusters for Formic Acid 
Oxidation ..................................................................................................................... 60 
§ 4.3 Improvement of “One Droplet” Method Using Theta Capillary............ 64 
§ 4.3.1 Improvement of the Setup for Electrochemical Study on A Facet of 
the Single Crystal Bead Using Theta Capillary ................................................... 64 
§ 4.3.2 The CV Characterization of (111) Facet on Au Single Crystal Bead 66 
§ 4.4 Summary .................................................................................................................. 68 
References .......................................................................................................................... 68 
 
Chapter 5 The Study of Pd Quantum Conductance by ECSTM-BJ.. 72 
§ 5.1 The Present Status of Pd Quantum Conductance Study ........................... 72 
§ 5.2 The Influence of Bias in Pd Quantum Conductance Measurement ...... 73 














§ 5.2.2 The Influence of Bias for Formation Probability of Pd Atomic Wires 
and Plateau Length of Pd Conductance Trace ..................................................... 75 
§ 5.3 The Influence of Electrodeposition Rate for Pd Quantum Conductance 
Measurement..................................................................................................................... 79 
§ 5.3.1 The Influence of Tip Potential in Pd Conductance Measurement at the 
Same Substrate Potential .......................................................................................... 79 
§ 5.3.2 The Influence of Electrodes Potential in Pd Conductance 
Measurement at the Same Bias ............................................................................... 81 
§ 5.3.3 The Influence of Pd2+ Concentration in Pd Conductance Measurement
........................................................................................................................................ 83 
§ 5.4 Analysis of Pd Quantum Conductance Measured Under Optimal 
Conditions .......................................................................................................................... 84 
§ 5.5 Summary .................................................................................................................. 86 
References .......................................................................................................................... 87 
 




























1. 利用基于“jump-to-contact”机制的 STM 构筑方法在自然形成的 Au(111)
表面构筑了 Pd 纳米团簇，并对其电化学稳定性做了相关研究。构筑的 Pd 纳米
团簇直径在 2~5 nm，高度为 0.3~0.6 nm；通过对陶瓷管 Z 方向脉冲值大小的改
变在一定范围内实现 Pd 纳米团簇大小的调节。此外，Pd 纳米团簇的阳极溶出和
阴极生长研究表明，Pd 纳米团簇具有较体相 Pd 高的电化学稳定性，其原因很可
能是其有着比体相更正的平衡电位。 





接触面积， 获得高质量 Au(111)面在 H2SO4 中循环伏安(CV)曲线，并研究了
Au(111)和 Au(111)上 UPD Pd 对甲酸的电催化氧化。 

















速度优化后，获得较好的 Pd 量子电导统计峰，电导值在 1 G0 左右。 
 















Nanoparticles have unique electrical and catalytic properties affected by their 
size, shape, chemical components and surface structures. At the present time，
fabricating various nanostructures and characterizing their properties attract extensive 
attention. But, it is difficult to obtain the ideal properties of nanostructure because it is 
impossible to eliminate the influence coming from the surfactant adsorption in the 
chemical synthesis or the aggregation of nanoparticles through the vapor deposition. 
Due to the high spatial resolution, SPM is powerful in fabricating ordered surface 
nanostructures. The “jump-to-contact” based STM tip-induced nanostructuring has 
highest resolution than other presently available techniques. Ordered and uniform 
metal clusters can be formed at electrode surfaces. Meanwhile, during nanostructuring, 
nanocontacts can be constructed, which provides an opportunity to study the transport 
properties of metal atomic wires. However, because of the limited number of the 
clusters at surface, there is a lack of follow-up studies of the properties of the 
nanostructures. 
In this thesis, we focus on the nanostructuring of Pd clusters on Au (111) surface 
and characterization of their electrochemical and electrical properties. Main results 
are in the following: 
1. By using the “jump-to-contact” based STM tip-induced nanostructuring, Pd 
clusters have been fabricated on the Au (111) surface, The Pd clusters were 2~5 nm in 
diameter and 0.3~0.6 nm in height. The size of Pd clusters could be varied in a certain 
range by changing the voltage pulse applied to z-piezo. The stability of the Pd clusters 
has been studied by anodic dissolution and cathodic growth, and results show that the 
Pd clusters have higher stability than that of the bulk Pd, most likely because of more 
positive equilibrium potential than the former. 
2. The electrochemical properties of Pd clusters constructed on Au (111) surface 
















that Pd clusters had 1~3 atomic layers in height and are partially of single crystal 
properties. It has been observed that the Pd clusters have good electrocatalytic activity 
in the oxidation of formic acid. 
3. The setup up for “one droplet” method studying has been improved by 
replacing the cone-shaped pipette tip by the theta glass capillary pulled with P-2000 to 
reduce the contacted areas of the electrode. High quality CV of Au(111) in H2SO4 
solution can be obtained with high success rate. The formic acid oxidation on the 
surface of bare Au (111) and Pd monolayer on Au (111) are studied using the 
improved setup. 
4. The quantum conductance of Pd nanowires has been studied by ECSTM-BJ 
method. Discussions on the influence of bias and electrodeposition rate are presented. 
It has been found that small bias and low electrodeposition rate facilitating to form the 
stable Pd atomic wire. Under optimal conditions, a better-defined peak of Pd 
conductance histogram has been obtained with its conductance at about 1 G0. 
 
Keywords: STM; Surface Nanostrcturing; Pd Nanoclusters; Electrochemical Study 
















§ 1.1 纳米科学概述 
§ 1.1.1 纳米科学的基本概念 
纳米(nm)，与厘米、毫米一样，是长度单位之一。1 nm 等于十亿分之一米，
约 3-4 个原子大小。举个例子来说，假设一根头发的直径是 0.05 毫米，把它径向
平均剖成 5 万根，每根的厚度大约就是一纳米。 
纳米材料是纳米科学研究中 基本的组成部分，其结构上至少有一维处于纳











命，从而将引起 21 世纪又一次产业革命。 
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